[1] A strong 50-35 Ma decrease in India-Asia convergence is generally ascribed to continent-continent collision. However, a convergence rate increase of similar magnitude occurred between ∼65-50 Ma. An earlier increase occurred at ∼90 Ma. Both episodes of accelerated convergence followed upon arrival of a mantle plume below and emplacement of a large igneous province (LIP) on the Indian plate. We here first confirm these convergence rate trends, reassessing the Indo-Atlantic plate circuits. Then, using two different numerical models, we assess whether plume head arrival and its lateral asthenospheric flow may explain the plate velocity increases and whether decreased plume flux and increasing continent-plume distance may explain deceleration, even without continental collision. The results show that plume head arrival can indeed lead to absolute Indian plate motion accelerations on the order of several cm/yr, followed by decelerations on timescales similar to the reconstructed fluctuations. The 90 Ma increase could potentially be explained as response to the Morondova mantle plume alone. The 65-50 Ma convergence rate increase, however, is larger than can be explained by plume head spreading alone. We concur with previous hypotheses that plume-induced weakening of the Indian continental lithosphere-asthenosphere coupling and an increased slab pull and ridge push efficiency are the most likely explanations for the large convergence rate increase. The post-50 Ma decrease is best explained by orogeny-related increased trench resistivity, decreased slab pull due to continental subduction, and possibly restrengthening of lithosphere-asthenosphere coupling upon plume demise. 
Introduction
[2] The India-Asia continental collision is among the most spectacular tectonic events that occurred in Cenozoic time and is crucial in shaping our understanding of the influence of continent-continent collision on orogeny, plate motion and plate boundary evolution. In addition, collision formed the Himalayas and the Tibetan plateau, which may have had profound effects on global climate [Dupont-Nivet et al., 2007; Royden et al., 2008] .
[3] To analyze the effects of continental collision and subduction, and its influences on topography and climate, it is essential to estimate the age of collision. Most authors prefer an age around 55-50 Ma for collision between the Tethyan Himalayas (the structurally highest, paleogeographically northernmost remnants of continental Greater India) and the southernmost continental terrane of Tibet for reasons reviewed in section 2. One of these arguments, however, is derived from global plate circuits (and apparent polar wander paths constructed using those), which shows that the India-Asia convergence rate dramatically decreased from ∼16 cm/yr around 50 Ma to ∼5 cm/yr around 35 Ma [Molnar and Tapponnier, 1975; Klootwijk, 1984; Patriat and Achache, 1984; Besse and Courtillot, 2002; Torsvik et al., 2008; Molnar and Stock, 2009; Copley et al., 2010] . This rapid relative plate convergence decrease is normally suggested to be causally related to, and hence is evidence for a ∼55-50 Ma onset of the India-Asia collision.
[4] When inspecting the India-Asia convergence curves based on the Indo-Atlantic plate circuit [e.g., Torsvik et al., 1 2008] since the middle Cretaceous, not only the 50-35 Ma deceleration, (and a smaller second one around 25-20 Ma [Molnar and Stock, 2009] ) become apparent, but also an equally impressive acceleration since ∼66 Ma from 8 to 16 cm/yr, on a similar timescale as the slowdown [e.g., Patriat and Achache, 1984; Molnar and Stock, 2009; Copley et al., 2010] . Moreover, a preceding, less dramatic but equally clear, India-Asia plate convergence rate increase occurred at ∼90 Ma. Before ascribing the deceleration of the India-Asia relative plate motion to continental subduction of Greater India (collision) , it is essential to analyze the potential dynamic causes for the accelerations. For instance, if the process that is responsible for the acceleration ceases to exist, this may induce a slowdown even without collision.
[5] The rapid increases in India-Asia plate convergence rates around 90 and 65 Ma are associated with relocation of oceanic spreading centers, and are both in space and time associated with the arrival of a mantle plume, and the emplacement of a large igneous province (LIP).
[6] Around 90 Ma, coincident with the emplacement of the 91-84 Ma Morondova LIP by the arrival of Marion plume, seafloor spreading started between Madagascar and India/Seychelles [Torsvik et al., 2000; Bardintzeff et al., 2010] . Following the emplacement of the Deccan LIP by the Reunion plume at around 65 Ma, an eastward jump of the spreading ridge between India and Madagascar transferred the Seychelles microcontinent from the Indian plate to Africa [Hofmann et al., 2000; Collier et al., 2008; Ganerød et al., 2011] .
[7] Also earlier breakup phases of east Gondwana follow this pattern, with ∼130 Ma spreading between India and Antarctica being associated with the Kerguelen LIP [Gaina et al., 2007] , and Jurassic separation of Madagascar and Antarctica from Africa following emplacement of the Karoo LIP [Jourdan et al., 2007; Eagles and Konig, 2008 ; see also Gnos et al., 1997] .
[8] A causal relationship between mantle plume arrival below continental lithosphere and rifting and opening of oceanic basins has long been suggested [Burke and Dewey, 1973; White and McKenzie, 1989; Hill, 1991; Courtillot et al., 1999] .
[9] In addition, Gurnis and Torsvik [1994] argued that arrival of hot mantle plumes below a plate may both increase the potential gravitational energy of a plate, as well as impose lateral mantle flow, which may induce an increase in plate velocity, especially when it contains a thick continental lithospheric root. Alternatively, Kumar et al. [2007] suggested that the multiple plumes that affected the evolution of the Indian continent thinned its lithosphere and weakened the lithosphere-asthenosphere coupling. This would lead to an increased effectiveness of ridge push and slab pull, even if these forces remain constant, which would result in acceleration of India-Asia convergence. Both effects may have led to the anomalously high India-Asia plate convergence rates around 55-50 Ma.
[10] Plume head arrivals are relatively short-lived features, and if plume head arrival accelerates a plate [Gurnis and Torsvik, 1994] , its disappearance (i.e., the decrease of the plume-related heat flux and cooling of partially molten mantle due to volcanism, conduction and hydrothermal circulation) may thus decelerate the plate, even without collision. However, if plumes thin the continental root and weaken the lithosphere-asthenosphere coupling [Kumar et al., 2007] , plate motion deceleration is more likely to result from the combined effects of absolute decrease of slab pull due to continental subduction, increased resistance at the convergent plate boundary due to orogeny, and perhaps restrenghtening of lithosphere-asthenosphere coupling due to migration of the plate or the continental lithosphere away from the plume. In this case, the timing of slowdown may be used to infer continental collision.
[11] In this paper, we therefore aim to test (1) whether plume head arrival is indeed likely to generate accelerations of India-Asian convergence; (2) whether the total relative plate motion rate, especially since 65 Ma, can be entirely ascribed to plume head spreading; and (3) whether the disappearance of a plume head can generate the 50-35 Ma India-Asia deceleration, or whether an additional slowing factor (e.g., related to continental subduction) needs to be invoked. To this end, we reassess the relative India-Asia plate motion rates by combining relative plate motions estimated using marine geophysical data from the Atlantic and Indian oceans. Then, we show results of numerically simulated changes in plate motion induced by the arrival of a mantle plume. The maximum effect is estimated with two different numerical models (one without and one with lateral viscosity variations) where the plume arrives exactly at the plate boundary. For the first model, we also assess the effect of changing plate geometry, using a realistic plate reconstruction. Finally, we discuss the influences of mantle plumes and continental collision on India-Asia relative plate motion rates.
[12] The numerical modeling results are by definition expressed in terms of "absolute" motion, i.e., motion of the Indian plate relative to the mantle. When comparing with observed plate motions, it appears therefore most appropriate to also consider plate motions in an "absolute" reference frame. Here we use the Indo-Atlantic moving hot spot reference frame of O'Neill et al. [2005] , i.e., plate motions are defined relative to hot spots, taking the observed geometry and age progression of hot spot tracks into account, but also considering that hot spots have moved relative to each other [Molnar and Atwater, 1973] . The motion of hot spots is computed by O'Neill et al. [2005] from a numerical model of plume conduits embedded in large-scale mantle flow. On the other hand, however, we consider for observed plate motion changes also the motion of the Indian plate relative to Eurasia, because this is what is reflected in the geological history. Furthermore, relative plate motions within the African hemisphere are known with considerably less uncertainty than absolute motions, and by looking at relative motions we hence avoid possible artifacts which may be due to the choice of the uncertain absolute reference frame. This treatment may at first sight seem inconsistent. However, we will also show that the changes in motion which we are concerned about in this paper appear in a very similar fashion in both the absolute and relative motion history, because, during the time period of interest, Eurasia has moved little with respect to the mantle compared to India. ation of seafloor spreading between India and AntarcticaAustralia [Gaina et al., 2003 [Gaina et al., , 2007 . This was followed by further separation between India and Madagascar (∼90 Ma) and India and the Seychelles (∼65 Ma) mentioned above ( Figure 1 ). In our analysis of the effects of mantle plumes on relative convergence rates we therefore limit ourselves to the last 130 Ma, when we can speak of an Indian plate.
Indian Plate Evolution
[14] Since the collision between India and Asia, ongoing convergence led to shortening of the overriding Asian plate, and subduction (and upper crustal accretion) of the Indian plate. The area of Asian plate that was consumed by shortening since collision is commonly referred to as "Greater Asia," and the area of subducted Indian Plate since collision as "Greater India." The northernmost continental sediments that were derived from Greater India are found today in the Tethyan Himalayas.
[15] Since 130 Ma, subduction zones existed to the north of the Indian continent, accommodating India-Eurasia convergence. A long-lasting subduction zone consuming Neotethyan oceanic crust between India and Asia, occurred since ∼130 Ma below the southernmost continental terrane of Tibet -the Lhasa terrane. The Lhasa terrane collided around ∼140-130 Ma ago with the Qiangtang terrane to its north, which had been part of Asia since the earliest Jurassic [Dewey et al., 1988; Hsü et al., 1995; Kapp et al., 2000 Kapp et al., , 2007a Yin and Harrison, 2000] . A geological record of the Cretaceous subduction history below Asia is provided by a long-lived Cretaceous-Eocene volcanic arc on the Lhasa terrane: the Gangdese arc [e.g., Ji et al., 2009] .
[16] The suture zone between India and Asia contains obducted ophiolites, which were emplaced onto the Tethyan Himalayan crust at the Greater Indian continental margin [e.g., Gnos et al. Torsvik et al. [2008] , in the slab-fitted mantle reference frame of van der Meer et al. [2010] with the location of the pre-50 Ma southern margin of Asia, and a size of Greater India defined by assuming a 50 Ma Tethyan Himalaya-Lhasa collision and a total of 650 km of intra-Asian shortening to the east and 1050 km to the west of the Karakoram Fault-Kashgar-Yecheng transfer system (see text for further explanation).
2005; Guilmette et al., 2009; Searle and Treloar, 2010] . This indicates that intraoceanic subduction occurred, followed by obduction of the overriding oceanic crust onto Tethyan Himalayan crust when Greater India arrived in that subduction zone, prior to the continent-continent collision between Tethyan Himalayan lithosphere and the Lhasa terrane.
[17] For our analysis, it is critical to assess when continental lithosphere of the Indian plate entered a subduction zone. We stress, that a deceleration of the India-Asia collision may result from continental subduction, regardless whether the overriding plate is oceanic or continental. Therefore, we provide a short review on the current ideas on the timing of Indian plate subduction events since 130 Ma, and outline existing controversies.
[18] In the NW Himalaya, intraoceanic subduction appears to have commenced ∼100-90 Ma below the Spontang ophiolite, overlying the northwest Himalayas, as well as below ophiolites in Pakistan (e.g., the Dras ophiolite) [Corfield et al., 2001; Searle and Treloar, 2010] . Emplacement of these ophiolites and overlying arcs onto Greater India is not beyond controversy, but was postulated to occur between 75 and 65 Ma, in one or more phases [Gnos et al., 1997; Corfield et al., 2001; Searle and Treloar, 2010] . A similar, ∼95 Ma age for onset of intraoceanic subduction was reported from the Andaman ophiolites to the west of Indochina [Pedersen et al., 2010] . Because of the similarity between these ages for onset of intraoceanic subduction below ophiolites in the India-Asia collision zone and ages from a belt of ophiolites stretching from Turkey and Cyprus, through Syria and Iran to Oman, e.g., Pedersen et al. [2010] argued for the existence of a continuous, Tethys-wide Cretaceous intraoceanic subduction zone, in which Arabia and Greater India arrived approximately 75-65 Ma ago with consequent ophiolite obduction and slab break off. This suggestion is in line with seismic tomographic images of the sub-Indian mantle that lend support for several, perhaps simultaneously active subduction zones in the Neotethyan ocean between India and Asia since 130 Ma [Hafkenscheid et al., 2006; van der Meer et al., 2010] .
[19] Metamorphic rocks below the Xigaze ophiolites in the Indus-Yarlung suture southwest of the city of Lhasa, have been interpreted to reflect metamorphic soles, and have yielded ∼130-120 Ma 40 Ar/ 39 Ar ages [Guilmette et al., 2009] , an age close to the onset of subduction below the Lhasa terrane and activity of the Gangdese arc. These metamorphic soles probably reflect the onset of subduction of Neotethyan oceanic crust below oceanic crust that is represented by these ophiolites. The difference of these ages with the ∼100-90 Ma onset ages reviewed above may indicate an origin in a different subduction zone, and consequently a different age of obduction. There is a general agreement that around 55-50 Ma, continental lithosphere of Greater India, carrying the sedimentary rocks now found in the Tethyan Himalayas, arrived in a subduction zone. Supporting evidence for entrance of Greater India in a subduction zone around 55-50 Ma comes especially from the age of the oldest (U)HP metamorphic terrigeneous clastic metasediments of the Indian plate below the Indus-Yarlung suture zone of 54-50 Ma [Leech et al., 2005; Guillot et al., 2008] . In addition, several authors argue for a cessation of continuous open marine sedimentation in the northwestern Tethyan Himalayas below the Indus-Yarlung ophiolites around 52-50 Ma [Rowley, 1996; Najman and Garzanti, 2000; Najman et al., 2005 Najman et al., , 2010 Green et al., 2008] .
[20] This age, however, is not beyond controversy. Wang et al. [2002] assigned a 34 Ma age for the top of the key Qumiba section in the Tethyan Himalayas, as opposed to the ∼52-50 Ma age assigned to the same section by Zhu et al. [2005] and Najman et al. [2010] , but even if younger marine sediments are found south of the Indus-Yarlung suture zone, that does not exclude collision (compare, e.g., the Persian Gulf on continental Arabia, which is still marine despite Arabia-Eurasia continent-continent collision since at least the early Miocene [e.g., Agard et al., 2005] .
[21] Furthermore, the age of the UHP metamorphism indicates an onset of continental Indian plate subduction, but does not define the nature of the overriding plate. Therefore, the controversy on the age extends to whether this continental subduction occurred below oceanic crust represented by the Xigaze ophiolites, or whether this represents the Tethyan Himalaya-Lhasa collision. Ali and Aitchison [2006] and Aitchison et al. [2007] argued that Tethyan HimalayaLhasa continent-continent collision occurred much later, around 34 Ma, and these authors suggested that a wide oceanic domain remained between the Tethyan Himalayas and the Lhasa terrane after a ∼55-50 Ma collision between an intraoceanic arc and the Tethyan Himalayas. They argued that Tethyan Himalaya-Lhasa continent-continent collision occurred much later, around 34 Ma, referring to the youngest marine sediments from the Qumiba section as dated by Wang et al. [2002] (but see the controversy outlined above), and by suggesting that the global synthetic Apparent Polar Wander Paths (APWPs) of Torsvik et al. [2001] , Besse and Courtillot [2002] , and Schettino and Scotese [2005] are incorrect for Eurasia. Instead, they chose alternative paleomagnetic poles, placing Eurasia >1000 km further north. However, as pointed out by Dupont-Nivet et al. [2010b] , they considered the same global synthetic APWP as essentially correct for India, thereby suggesting that Eurasia was decoupled from the plate circuit in the early Cenozoic. Their preferred poles would create a large overlap between Eurasia and North America, which is not in line with geological evidence.
[22] According to Ding et al. [2005] , the overriding oceanic plate from which the Xigaze ophiolites were derived was only very narrow, and they suggested a direct relationship between the Neotethyan subduction zone below the Indus-Yarlung ophiolites, and the Cretaceous Gangdese volcanic arc. In that scenario, the collision between the Tethyan Himalayas and the ophiolites is directly followed by continent-continent collision. This interpretation seems to be supported by the recognition of detrital zircons with Cretaceous to earliest Eocene ages interpreted to come from the Gangdese arc in 52-50 Ma clastic marine detritus in the Tethyan Himalayas [Najman, 2006; Najman et al., 2010] .
[23] To test these scenarios, five paleomagnetic studies were recently published [Chen et al., 2010; Dupont-Nivet et al., 2010a; Liebke et al., 2010; Sun et al., 2010; Tan et al., 2010] in addition to an earlier study of Achache et al. [1984] , which aimed to constrain the collision age by comparing paleolatitudes from the Tethyan Himalayas published by Patzelt et al. [1996] (corrected for compaction-induced inclination shallowing by Dupont-Nivet et al. newly obtained data from the ∼50 Ma old Linzizong volcanics that cover large parts of the Lhasa terrane. Surprisingly, these studies provided a wide range of collision ages from ∼60 to ∼40 Ma, mainly owing to low numbers of data points and consequently underrepresentation of paleosecular variation. Lippert et al. [2010] averaged all these paleomagnetic data from the Linzizong volcanics, showed a positive fold test, a positive reversal test and a data dispersion consistent with paleosecular variation. They concluded a 48 ± 8 Ma collision age, noting that this should be regarded as a minimum age, because shortening in the Xigaze forearc, subduction of the northern passive margin of the Tethyan Himalayas and shortening of the Tethyan Himalayas north of the sites of Patzelt et al. [1996] is unaccounted for in this analysis. These data seem to suggest that the continental subduction episode starting around 55-50 Ma below the Xigaze oceanic crust first emplacing ophiolites, very soon followed by continent-continent collision.
[24] Figure 1 shows time slices of the India-Asia plate configuration since 130 Ma. The size of Greater India in these reconstructions is much larger than previously argued for [e.g., Lee and Lawver, 1995; Ali and Aitchison, 2005] . As defined above, Greater India is the amount of Indian Plate lithosphere that subducted (with or without accretion) since the collision between the Tethyan Himalayas and the Lhasa terrane. Its size is hence defined by the age of collision, and the amount of intra-Asian shortening since that time. Our size of Greater India is based on the assumption of a 50 Ma collision age, with reference to the arguments listed above. The amount of intra-Asian shortening based on structural geological criteria from Tibet, the Tien Shan and Mongolia has consistently been estimated at some 600 km [Dewey et al., 1988; Yin and Harrison, 2000; Johnson, 2002; Guillot et al., 2003] . More recent estimates for post-50 Ma shortening within Asia indicate (1) a total amount of ∼400 km of shortening within Tibet, with 15% shortening for the Lhasa terrane, 25% for the Qiangtang terrane and 50% for the Songpan Garzi terrane [Spurlin et al., 2005; Kapp et al., 2005 Kapp et al., , 2007a Kapp et al., , 2007b ; (2) a ∼150 km N-S shortening component associated with 400-500 km of left-lateral motion along the 070°E striking Altyn Tagh fault, partitioned into transpression along its northeastern and southwestern terminations [Cowgill et al., 2003; Yue et al., 2005] , and (3) up to 200 km of shortening in the western Tien Shan, decreasing to only some tens of kilometers in the east, distributed across Mongolia [Avouac et al., 1993; Yin et al., 1998; Cunningham, 2005] . These estimates yield a similar total amount of shortening of ∼650 +/− 100 km since 50 Ma. In the Pamir-Hindu Kush region, which is separated from Tibet along the right-lateral Karakoram Fault and KashgarYecheng transfer fault systems, shortening must have been at least ∼400 km more, as suggested by a ∼110-150 km displacement along the Karakoram Fault [Schwab et al., 2004; Searle and Phillips, 2007; Robinson, 2009] and a ∼270 km displacement along the Kashgar-Yecheng transfer system [Cowgill, 2010] . In our reconstruction we hence apply a Greater Asia of ∼650 km east of the Karakoram Fault and ∼1050 km to its west.
[25] We note that an alternative view on intra-Asian shortening exists, which predicts large-scale extrusion of the Indochina block along the Aliao Shan-Red River Fault (ASRRF) over a distance of 700 ± 200 km from between the Qiangtang and Lhasa terranes [e.g., Peltzer and Tapponnier, 1988; Leloup et al., 1995; Royden et al., 2008] , which also involves much larger displacements along the Karakoram Fault of up to 500 km [e.g., Lacassin et al., 2004; Valli et al., 2007] . The regional geometrical consequences of this scenario was modeled by Replumaz and Tapponnier [2003] , who demonstrated that such large-scale extrusion requires ∼500 km E-W extension in Tibet between ∼30 and 15 Ma, and ∼500 km of contemporaneous N-S shortening of the Lhasa terrane, and ∼500 km of left-lateral strike slip between the Lhasa and Qiangtang terranes. This contradicts with the very minor shortening recorded in the regionally flat-lying Linzizong volcanics that cover large parts of the Lhasa terrane [Kapp et al., 2007b] , and the much younger onset, and much smaller amounts of E-W extension in Tibet [e.g., Kapp and Guynn, 2004] . The Cretaceous to Paleogene fold-thrust belt that straddles the suture between the Qiangtang and Lhasa terranes is not affected by strike-slip faults with displacements of more than several kilometers [Taylor et al., 2003; Kapp et al., 2005] . In addition, Searle [2006] challenged the interpretation of such major displacements along the ASRRF and Hall et al. [2008] showed that only ∼265 km of extrusion can be reconciled with the geology of Indonesia. Moreover, they demonstrated that the extrusion modeled by Replumaz and Tapponnier [2003] leads to an almost complete overlap between the west Burma block and Indochina. Finally, the full extrusion scenario requires a palinspastic position of Indochina south of Qiangtang and thus widely contradicts the early Jurassic age of the Qiangtang collision with Asia and the late Triassic age of the IndochinaSouth China suture Cai and Zhang, 2009] . Therefore, we do not follow the extrusion scenario as a viable alternative for accommodating significant amounts of the Indo-Asia convergence.
[26] The consequent size of Greater India in the reconstruction of Figure 1 is much larger than the amount of shortening of ∼600-900 km recorded in the Himalayas [DeCelles et al., 2002; Long et al., 2011, and references therein] . A discussion of this long-standing controversy is beyond the scope of this paper, but in general two endmember scenarios exist: either collision was much younger [Aitchison et al., 2007] , or a large part of Greater India subducted without leaving a geological record at the surface, either by duplexing below the Tibetan plateau, or by wholesale subduction. The latter option would suggest that the Greater India may not have been entirely continental [Hsü et al., 1995; Dupont-Nivet et al., 2010a] .
[27] In summary, since 130 Ma, the Indian plate was surrounded by oceanic spreading centers in the south, and subduction zones in the north. An ocean basin formed between India and Madagascar starting around ∼90 Ma, associated with emplacement of the Morondova LIP, and the Indian plate fragmented due to separation of India from the Seychelles around ∼65 Ma, in space and time related with emplacement of the Deccan LIP. Perhaps following a late Cretaceous phase of arc-continent collision and associated ophiolite emplacement, an important continental subduction episode started around 55-50 Ma, first emplacing ophiolites, (soon) followed by continent-continent collision. It is these two episodes, the postulated late Cretaceous, and particularly the better constrained Eocene Indian plate VAN continental subduction events that we will focus on in our further analysis.
Kinematics of India-Asia Relative Motion and Absolute Indian Motion
[28] Relative motions between India and Eurasia since late Cretaceous time were calculated using a chain of relative motion (plate circuit) that combines reconstructions of India relative to Africa (Somalia), Africa to North America, and North America to Eurasia, including estimates of deformation within the African composite plate (i.e., Somalia-Nubia motion along the East African Rift during Neogene time and Cretaceous motion between northwest Africa and the South African craton).
[29] When reconstructing plate motions through a plate circuit, it is always desirable to put uncertainty bounds on the amount of calculated displacement. Hence, in our selection of rotation parameters for individual reconstructions involved in the India-Eurasia circuit, we naturally gave preference to those studies that estimated reconstruction uncertainties through a formal statistical analysis [e.g., Stock and Molnar, 1983; Stock et al., 1990] . The geomagnetic polarity timescale calibrations of Gradstein et al. [1994] and Cande and Kent [1995] were used to assign absolute ages in all individual reconstructions, with a switch point from the Late Cretaceous-Cenozoic timescale [Cande and Kent, 1995] to the Mesozoic timescale [Gradstein et al., 1994] set to the younger edge of the Cretaceous Normal Superchron, at 83.5 Ma, following Torsvik et al. [2008] . In the following discussion of sources for individual reconstructions, we will use the polarity chron notation of Cande and Kent [1995] , the "y" and "o" following the chron identifier denoting the young and old edges of the chron, respectively.
[30] The Euler rotation parameters and their uncertainties for the reconstructions included in our plate circuit models are presented in Table S1 of the auxiliary material.
1 To reconstruct the Cenozoic motion of India relative to the Somalian plate, we have used most recent kinematic models of the Indian Ocean closure. These include (1) detailed India-Somalia reconstructions of Merkouriev and DeMets [2008] for the last 20 Ma (chron C6no time to the recent), (2) the estimates of Neogene deformation within the Central Indian Basin of DeMets et al. [2005] (India-Capricorn motion), and (3) the updated kinematics of CapricornSomalia motion recently published by Cande et al. [2010] for the time interval between chrons C13o and C29o . For the Late Cretaceous India-Somalia reconstructions (chron C30r-C34y time, 67.7-83.5 Ma), we have adopted the rotation parameters of Molnar et al. [1988] . The opening of East African Rift (Somalia-Nubia motion) was reconstructed using the rotation parameters of Horner- Johnson et al. [2007] and Lemaux et al. [2002] . Similar to a recent study of India-Asia convergence by Molnar and Stock [2009] , we assumed that active East African rifting began approximately 11 million years ago (chron C5no), and no motion between Somalia and Nubia had occurred prior to that time.
[31] For the closure of the Atlantic Ocean, we considered two alternative models involving different fits between Africa, North America and Eurasia. In the first model (model A), we used the Africa-North America rotations of Müller et al. [1999] Klitgord and Schouten [1986] were used for the AfricaNorth America motion and those of Srivastava and Roest [1989] for the North America-Eurasia fit.
[32] Extending the reconstruction further back in time, we switched to the India-Madagascar-South Africa-Northwest Africa-North America-Eurasia plate circuit of Torsvik et al. [2008] prior to 83.5 Ma [see Torsvik et al., 2008 , and references therein for details]. No uncertainties are available for these rotations and no attempt was made to estimate them. However, it is probable that the spatial misfits allowable for these reconstructions have the same order or magnitude as those in the oldest reconstructions (e.g., 83.5 Ma rotations) for the two India-Eurasia motion models discussed above; hence, a cumulative reconstruction error of several hundred kilometers is quite conceivable.
[33] Estimating absolute motions of India and Eurasia relative to the Earth's mantle (Figures 2b, 3e , and 3f), we used our relative plate circuit models to reconstruct India and Eurasia relative to Africa and then added absolute rotations of Africa in the moving Indo-Atlantic hot spot reference frame of O'Neill et al. [2005] .
[34] Finite rotations were combined and their uncertainties were estimates following the procedure of Doubrovine and Tarduno [2008] . The rotation uncertainties parameterized as "partial uncertainty rotations" [Stock and Molnar, 1983; Molnar and Stock, 1985] in some reconstructions [Molnar McQuarrie et al., 2003] were recalculated into covariance matrices defined using the moving exponential parameterization of Chang [1988] . A common set of ages was compiled, comprising all reconstruction ages from all individual reconstructions included into the plate circuit.
If a particular age from this set was not one of the original reconstruction ages for an individual plate pair or plate hot spots reconstruction, the finite rotation corresponding to this age and its uncertainty were estimated by interpolation between the two closest original rotations using the equa- tions presented by Doubrovine and Tarduno [2008] . The interpolation procedure assumes steady plate motion during the time interval between the bracketing ages. Coeval rotations (original or interpolated) were then combined and uncertainty of each combined rotation was estimated using established formulations [e.g., Stock et al., 1990] .
[35] The resulting models of India-Eurasia relative motion (Table S1 ) are illustrated by plotting reconstructed positions of two points moving with the Indian plate, which roughly correspond to the longitudes of the western and eastern Himalayan syntaxes, relative to the arbitrarily fixed Eurasia (Figures 2a and 3a-3d) . Absolute motions of the Indian and Eurasian plates in the moving Indo-Atlantic hot spot frame of O'Neill et al. [2005] are shown in Figures 2b, 3e , and 3f.
[36] The two alternative models of the Atlantic Ocean closure produce small, but sizable differences in the calculated flow lines of Indian plate motion in the reference frame fixed to Eurasia (Figure 2a ). For 83.5 Ma, both models result in virtually identical India-Eurasia rotations. The 79 to 61 Ma reconstructions show larger differences between the two models; these however are not statistically significant at a 95% confidence level. The most notable discrepancies, significantly above the level of reconstruction error, are observed for the 56 to 20 Ma interval. After 20 Ma, the differences between the two models are very small and are not statistically significant.
[37] The main reason for the discrepancies between the two India-Eurasia models is the choice of rotations for the northern Atlantic (the North America-Eurasia reconstructions of Gaina et al. [2002] , in model A versus rotations of McQuarrie et al. [2003] , in model B). The two reconstructions of Africa-North America motion [Müller et al., 1999; McQuarrie et al., 2003 ] are virtually identical, so that using one or the other in any of our models does not alter results significantly. In the following discussion of the India-Eurasia convergence history we will rely on the results from model A. We prefer this model because reconstructions of McQuarrie et al. [2003] are based on early compilations of marine geophysical data [Klitgord and Schouten, 1986; Srivastava and Tapscott, 1986; Srivastava et al., 1990] , whereas newer and more comprehensive data sets were used by Gaina et al. [2002] and Müller et al. [1999] , including updated magnetic anomaly databases and satellitederived gravity data for detailed mapping of fracture zones in the central and northern Atlantic Ocean. Model B nevertheless provides a good illustration on sensitivity of the estimated India-Eurasia motion to the choice of reconstructions in the Atlantic Ocean.
[38] The reconstructed motion displays several important changes in the direction and velocity since Cretaceous time (Figures 2 and 3) . During much of the Cretaceous, the motion of India relative to the fixed Eurasia was dominantly eastward and relatively slow, averaging to ∼50 mm/yr during the 120-90 Ma interval. At about 90 Ma, the direction of motion changed to northeastward, associated with a counterclockwise rotation of India, illustrated by a temporary increase in velocity ranging from ∼80 mm/yr for the western flow line to ∼140 mm/yr for the eastern line (Figure 3) . A large difference in velocity increase originates from the fact that western India was closer to the stage rotation pole during the 90-84 Ma period. From 83.5 to 79 Ma, the direction returns back to more eastward orientation and velocity for the eastern flow line falls to ∼85 mm/yr. The counterclockwise rotation of India at around 90 Ma most likely resulted from the initial opening of the eastern Indian Ocean, with a new spreading ridge propagating northward between India and Madagascar [e.g., Gaina et al., 2003 Gaina et al., , 2007 . The reason for the following clockwise rotation at 83.5 Ma is not clear. We note, however, that the reconstruction uncertainties for the 83.5 Ma and 79 Ma rotations are large (Figure 2) , and it is possible that the 83.5 Ma kink in the calculated flow lines is an artifact of reconstruction error rather than true variation in the direction of motion.
[39] From 79 to 67 Ma, India moved steadily northeast relative to fixed Eurasia with the velocity at an 80-90 mm/yr level. After 67 Ma, the convergence velocity increased dramatically to 150-160 mm/yr but the direction of relative India-Eurasia motion did not change noticeably. This time corresponds to the arrival of the Deccan plume (65.5 Ma) followed by an eastward jump of the spreading ridge that transferred the Seychelles microcontinent from India to the African plate at about 61 Ma [e.g., Gaina et al., 2003; Ganerød et al., 2011] . Coincidentally, at 61 Ma, the direction of motion changed to a NNE orientation, but the velocity remained at similarly high levels (130-180 mm/yr) up until 51 Ma, after which it dropped rapidly to ∼60-70 mm/yr around 40 Ma. Interestingly, the 50 Ma slowdown of the India-Eurasia convergence, traditionally interpreted as the onset of the India-Asia continent-continent collision [e.g., Patriat and Achache, 1984] , did not have any appreciable effect on the direction of relative motion, which continued steadily in the NNE direction up to Recent. After 40 Ma, the India-Eurasian convergence was gradually slowing down (Figure 3) , reaching 40-50 mm/yr at about 20 Ma, and remaining on this level since that time.
[40] The description of convergence history above is according to model A, which we favor. Model B suggests a somewhat different picture (Figure 3 ). The main difference is that the 67-51 Ma velocity spike is less pronounced overall, and the velocity increases rather gradually after 67 Ma to reach the maximum during 56-51 Ma interval. The latter contrasts with the sudden velocity increase at 67 Ma followed by a plateau up until 51 Ma. Additionally, model B produces a small but noticeable drop in velocity at 20 Ma, consistent with Molnar and Stock [2009] , whereas model A suggests a smoother decrease in the convergence velocity over the last 40 Ma. We also note that using the Gradstein et al. [2004] timescale instead of Cande and Kent [1995] does not significantly change the estimated values, and the description given above is valid regardless of the timescale choice.
[41] The motion of India in the Indo-Atlantic hot spot reference frame (Figure 2b ) exhibits changes in absolute velocity similar to those observed in the relative IndiaEurasia reconstructions, with two episodes of acceleration around 90 and 67 Ma followed by a sharp slowdown between ∼50 and 40 Ma (Figure 3) . The absolute India motion was dominantly to the NNE during the Cretaceous and the earliest Paleogene (120-61 Ma), changed to a nearly northward direction between 61 Ma and 40 Ma, and then gradually returned to the NNE direction. The main difference with the motion of India relative to Eurasia is a smaller eastward component of absolute motion for the 120-51 Ma interval, especially its earlier 30 million years (∼120-90 Ma), VAN 
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which is related to dominantly westward absolute motion of the Eurasian plate during this period (Figure 2b ). Finally, we observe that the post-50 Ma slowdown of Indian plate motion is even more pronounced in the moving Indo-Atlantic hot spot reference frame, because between ∼50 and 25 Ma, Eurasia moved southward with respect to the mantle (Figures 2b,  3e , and 3f).
Numerical Modeling of Plume-Plate Interaction

Method
[42] Plate motions caused by a mantle plume are approximately computed with a two-step approach: In the first step, the plume is numerically modeled and stresses acting at the lithosphere are computed with a fixed upper boundary. These stresses are integrated to torques for given plate geometry. In the second step, the torques are converted to plate angular velocities. This is done in a rather approximate fashion, using a scalar conversion factor or "impedance" described below. A more accurate treatment would require to also consider the interaction between different moving plates [e.g., Ricard and Vigny, 1989] . However, these are weaker than the interaction of plates with the underlying mantle, and our approach is sufficient for our purpose, since we are here only interested in an approximate estimate. Our approach essentially considers that torques on plates have to be balanced and determines (in a simplified way, not considering the interaction between plates across boundaries and through the mantle) the plate velocity for which this is the case. We use two different codes (referred to as code 1 and CitcomS) that solve for conservation of mass, momentum and energy with Newtonian viscous rheology for numerical modeling of plumes. Equations for conservation of mass and momentum are
where r is (reference) density, u is velocity, p is pressure, h is viscosity, d ij is the Kroneker delta tensor, dr is the density anomaly, g is the gravitational acceleration, subscript i 
whereby T is the temperature, is thermal diffusivity, c p is heat capacity, H is the heat production rate, a is thermal expansivity, subscript r symbolizes radial direction, and F is viscous dissipation. Model parameters are listed in Table 1 .
[44] The left-hand side corresponds to advection, the terms on the right hand side to thermal diffusion, heat production, the difference between adiabatic heating and cooling and viscous dissipation.
[45] The first code (code 1) computes incompressible flow in a spherical shell with a spherical harmonic expansion [Hager and O'Connell, 1981] up to degree and order l = 127. A test run with l = 255 yielded only small differences, indicating that l = 127 gives sufficient resolution. The PREM [Dziewonski and Anderson, 1981] lower mantle parameters are used for the reference density profile r(r). This code only allows for radial viscosity variations, and we use the viscosity structure M2b of Steinberger and Calderwood [2006] .
[46] For each degree and order, the equations (1) and (2) governing instantaneous flow reduce to a system of ordinary differential equations as a function of radius. Starting from initial values corresponding to the bottom boundary condition, three independent solutions of the homogeneous equation and one solution of the inhomogeneous equation are propagated to the top boundary. The general solution is the sum of the inhomogeneous solution and a linear combination of the homogeneous solutions, and the three free parameters of the general solution are determined by matching the top boundary conditions. The appropriate boundary condition at the core-mantle boundary (CMB) is free slip, but we find that for spherical harmonic degrees higher than about l = 50, solutions grow rapidly with radius to very large values, and the solution matching the top boundary conditions cannot be determined due to numerical roundoff. We circumvene this problem by using a no-slip boundary at depth 50/l × 2900 km for l > 50. In the lowermost mantle, the solution is hence only expanded up until degree 50. Since the modeled plumes are rather thick in the high-viscosity lower mantle (with very little power for degrees l > 50; see Figure 1 ) this modification affects the solution in only a very minor way.
[47] Solving the equation for the conservation of energy (3a) allows us to compute the evolution of thermal density heterogeneities forward in time. Here we do not explicitly consider temperatures, but instead advect absolute thermal density anomalies dr th = Tar; that is, thermal expansivity is implied to vary with radius proportional to 1/r(r). Also, the terms for viscous dissipation and the difference between a In the case of the code 1, values for thermal expansivity and heat capacity only enter the conversion from anomalous mass flux to heat flux in Figure 6 and hence correspond to depth 900 km only. VAN The internal heating term arH/c p is set zero here. This term has only a very minor effect on the plume structure, which we are concerned about in this paper.
[48] For the initial condition, we choose a mantle density model with small random fluctuations on the grid points between −0.1% and 0.1% relative density anomaly. We add a small negative density anomaly in the lowermost mantle around either 23°S, 52°E or 46.9°S, 37.8°E (i.e., below Marion Island following Torsvik et al. [1998] ), in order to "seed" plumes at locations approximately where the Deccan traps and the Morondava LIP initially erupted. This localized anomaly is chosen to be −0.35% × 0.6 n−1 × exp(−(d/d 0 ) 2 ), whereby n is the radial layer, d is the distance to the plume location, d 0 = 6°. This is sufficiently small such that the size of the plume is not influenced by it, but develops according to its own dynamics. Starting from the initial condition, we forward model the thermal density structure and hence the development and rising of a "mantle plume" due to diffusion of heat into the mantle and subsequent advection. We model the bottom thermal boundary layer by imposing a density anomalies −0.7% in the lowermost layer model at the CMB and +1% in the uppermost layer at the surface. Both advection and diffusion are computed on a grid (59 equally spaced radii from CMB to surface with 50 km distance; 128 Gaussian latitudes; 256 equally spaced longitudes). Hence it is necessary to go back and forth between the space domain and the spherical harmonic domain at each time step. Diffusion is considered only in radial direction with thermal diffusivity 30 km 2 /Myr. Advection is computed with an upwind differencing scheme [Press et al., 1986] , keeping absolute density anomalies constant during advection: Density r(r) increases with depth, hence advecting absolute density anomalies instead of temperatures in the energy equation corresponds to thermal expansivity decreasing with depth ∼1/r(r). On one hand, actual thermal expansivity may decrease even more strongly [e.g., Schubert et al., 2001] . On the other hand, the temperature contrast between plume and surrounding mantle may be higher at larger depth, even in the limit of large plumes when temperature profiles are adiabatic both in the plume and ambient mantle [e.g., Albers and Christensen, 1996] . Therefore we regard advecting absolute density anomalies as reasonable approximation. When integrating stresses to compute torques acting on plates, we consider both normal stresses (leading to "downhill forces") and tangential stresses at the base of the lithosphere in 100 km depth, as in the work of Steinberger et al. [2001] . Also, in order to remove Figure 4 . Model cross section through the Deccan plume at different times for code 1 and radial viscosity structure. The cross sections are N-S at 54°E from 54°S to 6°N. They were chosen such that they approximately go through the plume center, but this is not possible at all times and depths, as the plume is not exactly vertical and slightly moves, due to the influence of plumes developing elsewhere in the model, which is global and 3-D. Plumes arrive with an appropriate density anomaly of about −0.9% beneath the lithosphere. VAN 
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the effect of other plumes that develop later at other (random) locations, we compute stresses at each time step only from those density anomalies within a region that contains the "intended" plume and no other plumes (i.e., setting density anomalies outside the region to zero when computing stresses).
[49] For converting resulting torques to plate velocities, we additionally compute the "kinematic" torque t kin (i.e., without considering any internal density heterogeneities) around the x axis (0°N, 0°E) for the India plate (taken in its 80-90 Ma geometry from Torsvik et al. [2010] , with area A 80-90 ) rotating around the same x axis with 1°/Myr (i.e., moving approximately northward with about 11.1 cm/yr, as it is located around 90°E). Torques t computed from plumes are hence converted to plate rotations w (in units of deg/Myr) by dividing through t kin normalized to plate area:
The factor t kin /A 80-90 divided by the Earth radius is determined to 2.067 MPa.
[50] Second, we use the code CitcomS, which is described in detail by Zhong et al. [2000] and Tan et al. [2006] . The code has been modified in order to allow for the same radial viscosity profile as was used in code 1. Additionally, lateral temperature-dependent viscosity variations are considered as
whereby T is dimensionless temperature (varying between 0 and 1; normalizing temperature 1000 K) and which is approximately consistent with the radial viscosity dependence [Steinberger and Calderwood, 2006] . Other assumptions are comparable to the first model: The temperature contrast between CMB and mantle is 500 K, which corresponds for the used thermal expansion coefficient of 3 × 10
/K to a density contrast of −1.5%. In order to compute the plume heat flux we used a heat capacity of 1200 J/(kg K) and a thermal diffusivity of 31.5 km 2 /Myr was used to compute the heat influx at the bottom. However, only tangential stresses are considered here in the computation of the torque. Comparison indicates that both stresses are in a similar direction, with tangential stresses somewhat larger. Hence we expect that including the downhill force in the second model would increase forces and computed plate motions by about 50-100%.
Results
[51] Results obtained with the spherical harmonic code are given in Figures 4-6 , results with CitcomS in Figures 7 and 8 . Colors indicate upper mantle density anomalies (vertically averaged for depths >100 km and <410 km) at times 116 Ma, 106 Ma, etc. Arrows indicate horizontal flow speeds at depth 250 km at the same times, with arrow length corresponding to amount of motion in 10 Myr. Note that the flow computations were done separately for the two plumes. Here we show the linear superposition of the two flow fields and whichever of the two density anomalies is more negative.
In the first case, ages are assigned such that plumes reach the base of the lithosphere at approximately the right ages when the Deccan and Morondava LIPs erupted (65 and 90 Ma). In the first case, a rather massive plume conduit (typically about 600-700 km diameter at half maximum anomaly) develops, whereas in the second model, where the viscosity inside the conduit is lower, the diameter becomes about 200 km. Anomalous mass flux is computed from density anomalies and velocities in the midmantle (900 km depth in the first model, 725 km in the second model) and converted to heat flux (for the first model, compare the two vertical scales in Figure 6a ). The sharp peak in heat flux in the second model can be attributed to the passage of the plume head, whereas in the first model, there is less of a difference between plume head and plume conduit diameter. Maximum heat fluxes computed in both cases are similar around 3-4 TW, in the first case (Figure 6a ) they eventually drop to about 2.5 TW, in the second case (Figure 8 ) to about 0.5 TW. This difference between the two cases can be qualitatively understood as caused by the lower viscosity inside the plume conduit in the second case: Once the plume feeds into the low-viscosity asthenosphere it can "drain" its source region faster and hence its heat flux drops more strongly. We note that heat flux values obtained here are much larger than conventional estimates based on hot spot swells [Sleep, 1990; Davies, 1988] . But they are more similar to (especially in the second case) recent estimates based on tomography [Nolet et al., 2006] . A lower heat or Figure 6 . (a) Anomalous mass flux and corresponding heat flux for models of the "Marion" (or Morondava, red) and "Reunion" (or Deccan, green) plume. In this model, the plume head spreads about 1000 km in the 10 Myrs after eruption (average speed 10 cm/yr) and another 1000 km in the following 30 Myrs (average speed 3.3 cm/yr). (b) Computed speed of "free" plate motion caused by the two plumes. Dotted line is speed computed for a plate with the shape of a semicircular "cap," with 47.5 degrees of arc radius (same area as the India plate 80-90 Ma), with the plume impinging at the center of the straight plate boundary, thus transmitting the maximum torque. Dashed line is the same with a smaller cap with 33.7 degrees of arc radius (same area as the India plate 30-40 Ma). Continuous lines show computed with actual plate geometry; velocity component in direction N30E (approximately parallel to transform faults). Red for "Marion," green for "Reunion," and black for the sum of both.
anomalous mass flux would result with a reduced density and corresponding temperature anomaly assumed as bottom boundary condition: Plumes may start with a lower initial temperature anomaly than the temperature drop across D″, if they rise from the upper part of the edges of chemically distinct piles in the lowermost mantle [e.g., Torsvik et al., 2006] . Estimates of the temperature anomalies of plumes reaching the lithosphere [e.g., Schubert et al., 2001; Ruedas et al., 2004; Putirka, 2005] also indicate a lower starting temperature anomaly. The buoyancy flux may also be reduced if plumes entrain chemically heavier material from the lowermost mantle [e.g., Farnetani and Samuel, 2005] : an effect that is not modeled here. In any case, what is the appropriate value of plume heat flux is still a matter of debate, but the comparison with other estimates indicates that the following results of resulting plate speeds should probably rather be regarded as an upper limit.
[52] In computing resulting plate speeds we first consider what is approximately the maximum effect. We therefore consider what is the speed that a plume causes if it impinges exactly at the plate edge (dashed and dotted lines in Figure 6b ). Results obtained with the spherical harmonic code indicate that plate speed reaches its maximum soon after the plume head has arrived beneath the lithosphere and remains approximately constant after that. Although the anomalous mass flux goes down, the predicted plate speed does not drop, because it is an integrated effect and it continues to remain high as long as the plume head spreads beneath the plate. For a smaller plate size (corresponding to India plate area 30-40 Ma) the maximum speed is about 9 cm/yr, for a larger size (corresponding to 80-90 Ma) it is only 4 cm/yr. Speeds computed with CitcomS ( Figure 8 ) are even smaller, reaching a maximum of only about 2.5 cm/yr with a semicircular plate of 33.7 degrees radius (plate area as 30-40 Ma) and dropping to 1 cm/yr. After comparing results of the first model with and without downhill forces, we expect that downhill forces not included in the second model can increase these values by about a factor 1.5-2. The smaller Figure 7 . Model cross section through the CitcomS plume model at different times. The right cross section in the middle line shows the temperature-dependent viscosity at the indicated time. Note that the plume decreases viscosity in the asthenosphere significantly (blue section), thus weakening the interaction between lithosphere and asthenosphere. The plume reaches the surface with a density anomaly of slightly more than −1% and a velocity of several tens of centimeters per year, therefore leading to visible movement even in the timescale of a million years. VAN values and drop in this case can be understood as caused by (1) the plume flux dropping more strongly, as explained above, and (2) reduced coupling of plate and underlying mantle, once the plume feeds into the asthenosphere and further reduces viscosity there. In the second model, the maximum in predicted plate speed and subsequent sharp drop occurring soon after the heat flux maximum reflects the very fast rising and spreading of the plume (within a few Myr at speeds of several tens of cm/yr) once it has reached the upper mantle. Only in the case of an even smaller plate (radius 20 degrees) resulting speeds are still appreciable.
[53] Second, we compute speeds with a realistic model of plate boundaries in 10 Myr intervals from Torsvik et al.
[2010] (Figure 5 ). Computed speeds are lower here, because the plume is mostly either beneath the plate, in which case some compensation between forces occurs, or it is some distance away from the plate, and because of the different plate boundary geometry. For the Morondava/ Marion plume, predicted plate speed drops as the plume moves away from the plate boundary (red continuous line in Figure 6b ). The Deccan/Reunion plume (green continuous line), on the other hand, is overridden by the plate boundary after some time, and the maximum effect occurs at that time. For the Morondava/Marion plume, computed plate speed reaches values somewhat above 3 cm/yr between 60 and 90 Ma, whereas for the Deccan/Reunion plume it reaches between 5 and 6 cm/yr, between 40 and 30 Ma, corresponding to smaller plate area at that time. The combined effect (black line) is maximally about 7.5 cm/yr. For the Deccan/Reunion plume, the direction of predicted plate motion is typically ENE whereas the actual plate motion is more N to NNE. The difference can presumably be attributed to the fact that the plate only can move freely (relative to its neighboring plates) parallel to the transform faults and is blocked in the other directions. In Figure 6 we hence plot the projection of the "free" plate motion on to the direction N30E, roughly parallel to the transform faults. The 70 Ma plate geometry is used for 74-60 Ma, the 60 Ma geometry 64-50 Ma etc. hence the overlapping "steps" in the plot.
[54] The Indian lithosphere is thin with respect to other cratonic regions, and we have used its modern thickness in our computations. Kumar et al. [2007] suggested that this reduced thickness could be an effect of plume arrival, and it is possible that the thickness of the Indian lithosphere directly at the moment of plume arrival was much larger. If so, the Indian 'keel' into the mantle was deeper, and the coupling between the lithosphere and asthenosphere may have been stronger. We have run our models for different lithospheric thicknesses, from 150 to 400 km, and found that the increase in predicted plate speed due to greater lithosphere thickness is rather small and not qualitatively affecting our conclusions.
Discussion
[55] Our results indicate that the Morondava and Deccan plumes may each have contributed a few cm/yr to the velocity increase and decrease of the Indian plate. They cause a force on the plate in a similar direction as the force due to subduction, and therefore may cause an increase in plate speed of a few cm/yr. Our results show that a drop of plate speed following the initial increase does not necessarily require an increased resistance against plate motion but may simply reflect a drop in the driving force caused by the plume. Such a drop may be caused by (1) the plate moving away from the plume, (2) substantially reduced plume flux after initial eruption of the plume head, (3) reduced coupling between plate and mantle, if the plume causes a viscosity decrease in the asthenosphere. Comparison with observations indicates that the effect of plumes is by itself, in the case of Morondava perhaps, but in the case of Deccan almost certainly not, sufficient to explain the observed speedups and slowdowns of plate motion.
[56] The discrepancy is aggravated, as our estimate is probably rather an upper limit, because (1) computed plumes are rather "massive," at least in the model without lateral viscosity variations, at the upper limit of what is compatible with seismic tomography; (2) other estimates indicate that the mass flux of plumes may be smaller than in our models; (3) for the plumes modeled here, computed dynamic topography is also rather large, compared to what is inferred from observations; and (4) computed plate speeds are for free plate motion; if the plate faces increased resistance elsewhere once it moves faster, the effect of plumes on plate motion will be reduced. With its short-lived maximum and subsequent decrease of plate speed, the CitcomS model appears to match the timing of observed plate speed variations qualitatively better, however this model predicts even lower plate speeds.
[57] Nevertheless, despite the obvious discrepancy in magnitude, the correspondence in timing remains intriguing: There is a short-lived maximum in plate speed after eruption of the Morondava LIP (Figure 3) . We note, however, that the counterclockwise rotation of India (relative to Eurasia and Indo-Atlantic hot spots) during the 90-83.5 Ma interval occurs around a stage pole located close to the western India (Figure 2 ), resulting in a clear peak of the relative and absolute velocities for the eastern India only. Because the uncertainties for the 90 Ma rotations combined in our plate circuit model are unknown, it is not possible to test whether this peak in significant compared to the reconstruction error. Yet, the overall increase of the Indian plate velocity at ∼90 Ma appears to be a robust feature in both relative and absolute kinematic models when compared to the lower velocities characteristic for the 120-90 Ma interval. The increase of plate speed following the Deccan plume around 66 Ma is perhaps somewhat longer and the maximum somewhat more delayed. This could indicate the effect of relative location of plume and plate boundary, where the maximum effect occurs as the plume is beneath, i.e., overridden by the plate boundary. Age data along the Reunion hot spot track indicate that the hot spot was located close to the Central Indian Ridge axis during ∼58-49 Ma [O'Neill et al., 2005] . We speculate that the discrepancy in magnitude could possibly be explained by a combination of the following:
[58] 1. Plume heads initially arrived beneath continental lithosphere, below which there was a less pronounced asthenosphere. Hence tangential forces were more efficiently transferred to the lithosphere than in our model. Subsequently, the opening of an ocean basin with a more pronounced asthenosphere reduced the coupling and caused a slowdown of the plate. Our calculations with a thicker lithosphere indicate that this is only a rather minor (∼10%) effect.
[59] 2. There was some positive feedback mechanism.
[60] 3. The mechanism relating plumes and plate motion is more indirect than the one studied here. For example, the plume, rather than pushing the plate itself, weakens the asthenosphere, such that the attached slab can pull the plate faster. Such an indirect mechanism would also help to explain that the change of plate motion is not in the same direction as the computed push on the plate due to the plume. Such effects are not included in our models, and could be studied in future work. Nevertheless, aside from the relatively minor effects of the Deccan plume arrival below the Indian Plate, increased effectivity of slab pull due to decreased lithosphere-asthenosphere coupling seems to be the most logical candidate to explain the high India-Asia plate convergence rate around 55 Ma.
[61] The decrease in plate speed since ∼50 Ma is hence to some extent probably due to a combination of reduced plume flux, reduced coupling with the plate and the plate moving away from the plume. However, these effects can only for a minor part explain the dramatic slowdown between 50 and 35 Ma. We speculate that a more pronounced slowdown could result, if, after the Deccan plume was no longer under the India plate, the above mentioned scenario was reversed, i.e., lithosphere-asthenosphere coupling was increased again and the effectivity of slab pull decreased. Again, this scenario could be modeled in future work.
[62] In the absence of such a quantitative model, a net decrease of slab pull forces as a result of continental subduction, in combination with increased resistivity at the subduction zone due to ongoing orogeny in the Himalayas and Tibet remains the most elegant explanation for the post-50 Ma slowdown.
[63] We can give an approximate estimate of the effect of increased topography as a result of collision on the plate convergence rates using the above-determined impedance: Additional topography h (in Tibet) causes additional pressure rgh along the plate boundary, whereby r is (crustal) density and g is gravity. With a compensation depth d and a boundary length b we obtain a total force rghdb. With a plate area A = lb, the force per plate area is rghd/l. With r = 2700 kg/m 3 , g = 10 m/s 2 , d = 50 km, h = 5 km, and the extent of the plate in the direction orthogonal to the convergent boundary l = 6000 km we obtain a force per plate area of 1.125 MPa. With the impedance from above 2.067-2.775 MPa/(deg/Myr), and assuming that the entire modern topography of 5 km was created due to the 50 Ma collision, we arrive at the estimate that the additional topography in Tibet can cause a change (in this case, slowdown) of plate velocity by 0.41-0.54 deg/Myr or 4.5-6.1 cm/yr.
[64] It is likely, however, that Tibet was already an elevated region prior to 50 Ma as a result of major Cretaceous shortening of the Lhasa and Qiangtang terranes [Kapp et al., , 2007a . Assuming ∼20% crustal shortening of these terranes after 50 Ma (∼15% for Lhasa [Kapp et al., 2007b] and 25% for Qiangtang ), and using a modern crustal thickness of ∼70 km [e.g., Zhang et al., 2011] a Paleogene thickening of the Tibetan crust of ∼14 km can be estimated, and an associated uplift of ∼3 km during the India-Asia convergence rate slowdown assuming isostatic equilibrium, in line with the estimate based on palynology that Tibet was raised by ∼2.5 km since the late Eocene [Dupont-Nivet et al., 2008] . This would lead to a first-order estimate for the slowdown of about 2.7-3.6 cm/yr.
[65] A first-order estimate for reduction in slab pull due to subduction of continental lithosphere can be obtained in an analogous way, replacing rh with Drs whereby s = the length (or reduction of length for reduction of slab pull) of the slab pulling down, and Dr is the (depth-averaged) density difference of the slab with respect to its surroundings. With estimated 2% relative density difference and a length of, e.g., 500-1000 km, slab pull can be several times larger than the collisional resistance. Hence, also decrease of slab pull can have a significant contribution to the observed slowdown. It is beyond the scope of this paper to calculate VAN HINSBERGEN ET AL.: INDIA-ASIA CONVERGENCE RATE FLUCTUATIONS B06101 B06101 the effects of continental collision and orogeny on the IndiaAsia convergence rate in detail, but these first-order estimates are clearly of the right magnitude. The general assumption that India-Asia convergence rate decrease since ∼50 Ma results from collision seems therefore to be valid.
Summary and Conclusions
[66] A popular argument to assess the age of collision between India and Asia concerns the ∼50 Ma onset of dramatic slowdown in the India-Asia convergence rate, from 16 cm/yr to ∼5 cm/yr around 35 Ma. However, this argument does not take into account that between ∼65 and 50 Ma an almost equally impressive acceleration of the India-Asia convergence rate occurred, following the extrusion of the Deccan LIP and the separation of India away from the Seychelles microcontinent. A similar speed-up episode, although of smaller magnitude, may be related to the emplacement of the Morondova LIP, and the separation between India and Madagascar. In this paper, we reassess the Indo-Atlantic plate circuit and confirm these fluctuations in relative India-Asia convergence rates.
[67] Using two different numerical models (one without and one with lateral viscosity variations) where the plume arrives exactly at the plate boundary, we assess whether plume head arrival and lateral sublithospheric flow induced by these can explain the convergence rate accelerations in the Indo-Asia convergence history. In addition, we test whether subsequent convergence rate decreases can be explained by the combined effect of decreased plume flux and motion of the Indian continent away from the plume.
[68] We conclude that plume head arrival may indeed increase the India-Asia convergence rate by several cm/yr, and that plume flux decrease and motion of India away from the plume may lead to a deceleration. The 90 Ma acceleration may perhaps entirely be explained by the effects of plume head arrival.
[69] The convergence rate increase following the arrival of the Deccan plume some 66 Ma ago from 8 to 16 cm/yr is much larger than can be explained by our modeling results. The large velocity increase may be best explained by increased ridge push-slab pull effects due to weakening of the lithosphere-asthenosphere boundary below the Indian continent, as postulated by Kumar et al. [2007] . Although part of the convergence rate decrease following 50 Ma may be attributed to plume flux decrease and motion of India away from the plume head, the bulk of convergence rate decrease is likely resulting from increased resistance at the convergent margin due to the Tibetan-Himalayan orogeny, decreased slab pull forces due to continental subduction, and perhaps the asthenosphere getting stronger again, as the plate moved away from the plume. Unless future work shows that this last effect alone is sufficient to explain the entire slowdown, the India-Asia convergence rate decrease starting around 50 Ma can hence be used as an argument to infer the arrival of Greater Indian continental lithosphere in a subduction zone around 55-50 Ma.
